We present a co-flow microfluidic method to coat paramagnetic beads with a thin layer of fluid as the beads are pulled across a liquid-liquid interface by an external magnetic field. We show that the coating thickness can be controlled by the magnitude of the flow speed. Also, the number of beads aggregated within a single coating can be adjusted by varying the strength of the magnetic field or the liquid-liquid interfacial tension. Coating of microparticles is useful in many technologies. For example, coating of cells has found application in drug delivery where the coating layer acts as a drug-carrying vehicle and/or a protective barrier against the host's immune system. 1, 2 Indeed, the need for high-throughput, tunable, and ultra-thin coatings is a roadblock to improved drug delivery and cell therapy, 3 making the development of an approach for coating micron-scale objects very desirable.
Discrete coatings of objects have been demonstrated in the past using selective withdrawal 4 and centrifugal 1 and magnetic 2 conformal coating. Whether and how similar approaches can be integrated to be useful in microfluidic settings has not been considered. Given all of the benefits of miniaturization 5 and the development of microfluidic capabilities such as sorting 6 and encapsulation, 7 a microfluidic technique for particle coating would enhance the usefulness of lab-on-a-chip devices.
Here we introduce a microfluidic technique that can controllably coat micron-scale beads with O(1 lm) thick liquid layers and vary the number of beads trapped inside the coating layer. Our proposed method takes advantage of features similar to classical fluid mechanics problems such as the approach of a solid sphere toward 8, 9 and across 10,11 a liquidliquid interface by gravitational forcing, where a discrete volume of liquid can be entrained on the sphere. This approach is distinguished from typical descriptions of coating flows where a continuous film is forced over a solid surface via a relative motion. 12, 13 Since gravitational effects are weak in microfluidics, we apply magnetic forces to move the beads in our experiments, drawing on ideas from magnetic separations. 6, 14 In particular, we accomplish the coating by forcing the particles across a liquid-liquid interface.
The microfluidic device is made using standard softlithography methods 15 with polydimethylsiloxane (PDMS, Sylgard 184 silicone elastomer kit, Dow Corning) bonded to a glass microscope slide. All channels have a constant height of 50 lm, and the coating region has a width of 380 lm. Fig.  1(a) shows the flow-focusing geometry 16 of the aqueous phase that centers the beads laterally in the channel so that all of the beads cross the interface at approximately the same location. The non-aqueous (oil) solution enters through a second inlet and forms a co-flow with the aqueous phase.
The non-aqueous solution consists of dodecane with 10 wt. % sorbitan monooleate surfactant (Span 80), while the aqueous solution is a mixture of deionized water with varying concentrations of sodium dodecyl sulfate (SDS). This combination produces an ultra-low interfacial tension, 17 which is below the minimum value of 1 mN/m measurable with equipment we have available. The aqueous and non-aqueous solutions have viscosities of 1 and 2.7 mPa s, respectively. The paramagnetic beads have a radius of R ¼ 2.5 lm and are composed of a polystyrene matrix embedded with iron oxide nanoparticles (Sigma). The hydrophilic beads are suspended at a volume fraction of 0.06% in the aqueous solution, which flows through one inlet, while the same fluid without the suspension flows through a separate inlet [labeled "buffer" in Fig. 1(a) ]. Constant flow-rate syringe pumps (Harvard Apparatus) provide the same flow-rate to each inlet. The experiments are imaged using bright-field microscopy (Leica) with a 63 Â oil immersion objective (NA ¼ 1.4) and a high-speed camera (Vision Research).
A stack of three neodymium iron boron magnets (K. J. Magnetics), each with magnetization 1 MA/m and dimensions 9.5 Â 4.8 Â 1.6 mm, is used to deflect the beads through the liquid-liquid interface. A slot is cut in the PDMS before bonding to the glass to allow the magnets to be placed at approximately d % 1 mm from the edge of the flow channel [ Fig. 1(a) ]. As the magnetic beads enter the region of Fig. 1(b) ]. The beads retain a thin coating of the original fluid [ Fig. 1(c) ].
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The film thickness is estimated with IMAGEJ software by subtracting the measured bead diameter from the measured diameter of the coating layer and dividing by two. Two film thickness values in perpendicular directions are measured for each bead and we report the average value. We were able to measure film thickness as small as approximately 500 nm, since both the bead diameter and the coating layer diameter are significantly larger than the 200 nm resolution of our objective. We always took measurements at the same focal plane relative to the particle to reduce experimental error.
Beads flowing with the fluids from left to right are deflected by the external magnetic field as shown in Fig. 2(a) . The experimental image shows the liquid-liquid interface of co-flowing dodecane (top) and 8 mM SDS in water (bottom) solutions. The beads deform the interface and then penetrate through it. As the beads move away from the interface, the entrained fluid undergoes a sequence of events. First, a thread is formed [ Fig. 2(b) ] and breaks up into drops by the Rayleigh-capillary instability [ Fig. 2(c) ]. Second, there is continual deformation [ Fig. 2(d) ] and breakup [ Fig. 2(e) ] at the back of the comet-shaped tail. The latter interface deformation resembles a shear-driven process known as tip-streaming that has been reported extensively in the literature. 18 Since the height of the magnet-stack (4.8 mm) is much larger than the height of the channel (h % 50 lm), there is a vertical gradient of magnetic field, which causes the beads to be pulled to the top of the channel. As a result, the beads lag by a factor j relative to the average flow speed u o in both fluid phases, where j is an order one constant. In the reference frame of the moving fluid, the beads are moving in both parallel (Àju o ) and perpendicular ðu ? Þ directions, and drops are emitted from the tail in the diagonal direction as evident in Fig. 2(e) . We hypothesize that it may be possible to reduce the speed-lag j by using a thin magnet that produces a weaker vertical gradient of magnetic field, and proof-of-concept experiments show the beads moving only transverse to the flow (see Fig. S1 in supplementary material 19 ). We observe a decrease in the coating thickness a as we increase the average flow speed u o and plot the dimensionless coating thickness a/R versus u o ; see Fig. 2(f) . As shown in the log-log plot in the inset, our results follow an empirical trend a=R / u À1=2 o . We expect that by increasing u o , we increase the beads' total speed u
relative to the flow [ Fig. 2(e) ], and we recall for viscous flows that the shear stress s increases proportionally with u p . We expect that these stresses cause a reduction in the coating thickness, though we are not aware of any model to date of such a flow. We also measure a coating rate of approximately 100 beads/ s, while performance limitations are related to the magnet's size and strength, and the bead concentration above which particle-particle interactions cause the beads to aggregate prior to approaching the interface.
The number of beads inside a single coating can also be controlled. Fig. 3(a) shows the conformal coating process for a magnet-stack displacement of d % 2 mm: two-bead aggregates are formed and pass through the interface. As d The same trends are seen when the interfacial tension between the two phases is lowered by using an aqueous solution of 2 mM SDS in water [ Fig. 3(e) ].
We next address force balances to rationalize the trends in particle number trapped in the coating by examining the ratio of magnetic to surface forces. We consider N particles in a single aggregate where the magnetic forces are F m % l o vL 3 rH 2 and the surface forces are F c % cL, with H the external magnetic field, c is the interfacial tension between the two phases, L 3 ¼ NR 3 is the volume of an aggregate, and l o and v, respectively, are the permeability of free space (l o % 1.257 Â 10 À6 m kg s À2 A
À2
) and the magnetic susceptibility of each bead (v % 10 À3 ). Thus, as a function of particle number, the magnetic and surface forces scale as F m / NrH 2 and F c / cN 1=3 . Qualitatively, we observe that The ability to coat particles is an important unit operation in biotechnology and adds to the functional capabilities of lab-on-a-chip devices. We have integrated a conformal coating method into a microfluidic device by driving magnetic beads through a liquid-liquid interface in a two-phase co-flowing channel. Our technique is continuous, tunable in both coating thickness and bead number and achieves a coating thickness of O(1 lm). Our method offers the possibility of coating other discrete objects such as cells by binding the cells to magnetic beads. This approach should also allow for the generation of multiple layers of coatings by either passing the particles across many streams of immiscible fluids or back and forth between aqueous and non-aqueous phases.
